Abstract
Soils in urban green spaces are an important carbon (C) store, but urban soils with a high carbon to nitrogen (C/N) ratio can also buffer N eutrophication from fertilizer use or atmospheric deposition. The influence of vegetation management practices on soil C cycling and C/N ratios in urban green spaces is largely unknown. In 2013, we collected replicate (n = 3) soil samples from tree canopy, tall grass, and short turf grass areas (n = 3) at four random plot locations (n = 4) established in 13 golf courses (n = 13). At each sample point, soil was separated into 0-to 0.1-, 0.1-to 0.2-, and 0.2-to 0.3-m depths (total n = 1404). Linear mixed models investigated the relationships between soil properties, vegetation attributes, and green space age. Tree canopy soil was less compacted (1.07 g cm −3
) than grassy areas (1.32 g cm −3
). Similarly, tree canopy soil had mean C/N ratios of 17.2, as compared with between 14.2 and 15.3 in grassy areas. Soil properties in tree canopy areas were best explained by tree basal area and understory vegetation volume. Soil C/N increased with increasing understory vegetation, and the difference in soil C/N between tree canopy and short turf grass areas increased over time. The soil properties in tree canopy areas of urban green space mean they can increasingly buffer the localized use of N fertilizers and atmospheric N deposition. Managers of urban green spaces concerned about N pollution of groundwater and waterways could consider planting trees in suitable topographic locations and promoting understory vegetation and surface litter accumulation.
Soil Carbon and Carbon/Nitrogen Ratio Change under Tree Canopy, Tall Grass, and Turf Grass Areas of Urban Green Space S. J. Livesley,* A. Ossola, C. G. Threlfall, A. K. Hahs, and N. S. G. Williams T he global population is becoming progressively urbanized, with close to 3 billion additional people expected to live in urban areas by 2050 (Seto et al., 2013) . The vegetation and soil that persist in the urban landscape are increasingly under threat from development associated with continued urbanization while being under pressure to provide ecosystems services, such as microclimate cooling, biogeochemical cycling, pollutant mitigation, and community health and well-being (Grimm et al., 2008) . Urban centers are hot spots for CO 2 emissions and other industrial and transport-related pollution (Grimm et al., 2008; Kaye et al., 2006) . The ability of urban centers to mitigate their own C emissions through sequestration in vegetation and soil is small (Hutyra et al., 2014; Livesley et al., 2010; Pataki et al., 2011) . However, an increase in soil C stores in these green spaces can help provide other highly valued ecosystem services such as infiltration and storage of stormwater, immobilization of nutrient or industrial pollutants, and support for productive vegetation and food systems (Groffman et al., 2009; Pataki et al., 2011; Setälä et al., 2014) .
The soil supporting urban trees and other vegetation is likely to represent a greater C store than the aboveground vegetation (Davies et al., 2011; Edmondson et al., 2014; Golubiewski, 2006) , as is the case in most other ecosystems (Field and Raupach, 2004) . The degree to which an urban green space (or any ecosystem) is able to sequester C is determined by the climate (temperature and rainfall), the soil type (e.g., percentage clay), management practices, vegetation type, and productivity (Foley et al., 2003; Pouyat et al., 2006) . Predicting a net loss or gain in green space soil C following urbanization is difficult because of the complex management and environmental gradients in urban landscapes Pouyat et al., 2006) . Management of urban landscapes often leads to an increase in plant productivity through irrigation and fertilizer additions but can also disrupt C and nutrient cycling processes (e.g., turf is mown and removed, turf thatch is scarified, tree leaf and branch litter is collected and removed, or organic mulch is added to excess). Changes in urban green space soil C can relate strongly to the number of years since those urban green spaces were established and, therefore, the duration of increased (or decreased) management intensity (Golubiewski, 2006) . However, the variation in soil C among urban green spaces may also relate to their vegetation characteristics, as is clearly evident for C stored in aboveground biomass (Davies et al., 2011) .
Urban soils mediate the balance between many ecosystem services and disservices. Urban landscapes, and the soils that support them, can accumulate heavy metals and other nutrient chemicals through widespread atmospheric deposition or more site-specific point and corridor pollution events. The source of these heavy metals and nutrients may be local industry, vehicles and transport corridors, and excess fertilizer use in public and private green space (Carey et al., 2012; Milesi et al., 2005) . If the capacity of urban soils to buffer or retain these pollutants is exceeded, the pollutants can percolate into the groundwater or waterways with negative impacts on riparian ecology, local human health, and food production (De Kimpe and Morel, 2000; Groffman et al., 2009; Law et al., 2004; Valtanen et al., 2014) . The C/N ratio of a soil is a good indicator of its buffering capacity to retain nutrient pollutants such as nitrate, ammonium, and phosphate (Dise et al., 1998) . Soils with greater C/N ratio will also have slower N ammonification and nitrification rates and a greater ability to immobilize additional N inputs , although this capacity can vary according to soil type and rainfall regime (Gundersen et al., 1998; Gurmesa et al., 2013) . Soil C/N ratios can change through (i) N decrease (plant uptake), (ii) N increase (fertilizer addition), or (iii) a change in the C quality of the organic matter inputs (higher or lower C/N ratio) (Brady and Weil, 2008) . Urban green space previously dominated by grass or annual crops into which woody vegetation is then planted will receive organic matter of a high C/N ratio and so will invariably develop soils of a greater C/N ratio over time (Berthrong et al., 2009) . It is also expected that trees will take up more N and store it within their biomass rather than the soil organic matter (Murty et al., 2002) .
Urban green spaces take up a large area of most western cities, and as they are often primarily designed for active and passive recreation, they are dominated by intensely managed turf grass (Milesi et al., 2005) interspersed with areas of tree or shrub cover. The C storage of urban soils, especially under turf grass systems, has been investigated in many previous studies (Edmondson et al., 2012; Golubiewski, 2006; Raciti et al., 2011) . However, there have been few studies of soil C and soil C/N ratios in intensively and extensively managed grass systems in comparison with that in tree dominated urban green space. A golf course provides an opportunity to investigate changes in soil properties under tree canopy, tall grass, and short turf grass that have been consistently managed since the time it was established. By studying the impact of these three different vegetation types on soil properties within one site, the confounding effects of differing soil type and differing green space age may be reduced.
This study uses a network of 13 urban green spaces on sandy soils throughout southeast Melbourne, Australia to answer three research questions:
1. Do urban green space soils under tree canopy have a greater C/N ratio than soils under grass? 2. Is the variation in soil properties under tree canopy more strongly related to green space age or vegetation attributes? 3. Does soil under grass store greater C than soil under tree canopy in these green spaces?
Materials and Methods

Experimental Design
Melbourne is Australia's second largest city with ~4 million inhabitants. Greater Melbourne spans four bioregions, but this study was restricted to the Gippsland Plains bioregion (sandy soils supporting grassy woodland or heathland vegetation communities) to minimize variability in soil properties and vegetation types before urbanization. We randomly selected 13 golf courses located in suburbs of different development age (1890s to 2000s) (Fig. 1) , as they provide access to green spaces with detailed land-use and management history and are areas that have been continuously managed since establishment. The decade each golf course was established was determined by examining historical aerial imagery and consulting municipal land release and construction records. Within each golf course we established four 20 by 30 m plots (total n = 52) in out-ofplay areas under trees using GIS analysis of digitized aerial photographs (ArcMap Version. 10.2.1, ESRI). These tree canopy plots provided access to adjacent tall grass rough and short turf grass fairway, but formal plots were not established in these grass dominated areas.
The proportion of each golf course that was tree canopy, tall grass, and short turf grass was manually digitized in GIS. Similarly, the proportion of each tree canopy plot that was tree canopy and grass was also determined through GIS analysis. This enabled more accurate scaling up of soil C to the whole-of-greenspace level.
Vegetation Attributes and Structural Complexity
Within each tree canopy plot, we identified the species of each tree that was >8 cm in diameter and measured tree stem diameter at 1.3 m (diameter at breast height). From this, we were able to calculate tree basal area (square meter per hectare) and tree stem density (trees per hectare). We also measured understory vegetation structure, recording vegetation forms that intercepted a 2.0-m-tall pole at 0-, 5-, 10-, 15-, 20-, 25-, and 30-m point locations along four parallel 30-m-long transects (e.g., four transects at seven locations equals 28 points per plot). Vegetation was recorded if it intercepted the pole at one of five height intervals: 0.0 to 0.2, 0.2 to 0.5, 0.5 to 1.0, 1.0 to 2.0, and >2.0 m. The sum of vegetation intercepts in each height interval was used to calculate vegetation volume:
where VVEG HX is estimated vegetation volume occupying a specific height interval, PNI HX is the actual number of times vegetation intercepted the pole for that height interval, PT HX is the number of pole point locations surveyed (usually 28 for a 600 m 2 plot), and VS HX is the total volume for that height interval based on the area of the plot multiplied by the height of the sampled height band interval. To estimate total understory vegetation volume, tree intercepts were discarded and then the VVEG HX for each height interval were summed together.
Soil Sampling and Analysis
Soil was sampled to a depth of 0.3 m at three random locations in each tree canopy plot using a drop hammer and stainless steel core sampler (AMS Inc.; 50-mm i.d., 300-mm length). Soil was not sampled within 1.0 m of a tree stem. For each plot, the three soil samples were combined for the following three depths: 0.0 to 0.1, 0.1 to 0.2, and 0.2 to 0.3 m. Soil was sampled in the same manner from the two other vegetation types adjacent to the tree canopy plot: tall grass (rough) and short turf grass (fairway). Soil was not sampled within 1.0 m of the transition from tall grass to short turf grass. In total, 1404 individual soil samples were collected (three depths at three random points of three vegetation types at four locations per golf course on 13 golf courses). Additional surface soil samples (0.0-0.1 m) were also taken in the tree canopy plot and adjacent tall grass rough using larger stainless steel rings (74-mm i.d., 100-mm length) to more accurately measure surface soil bulk density as the drop hammer noticeably compacted the topsoil. We were not given permission to collect additional soil bulk density measures from the fairways, so values from the tall grass rough were applied to short turf grass (0.0-0.1 m only) as they experienced similar vehicle and pedestrian traffic.
All soil samples were air-dried and then weighed. A weighed subsample (~10 g to two decimal places) was oven-dried at 105°C for 48 h to estimate gravimetric moisture content and soil dry bulk density according to the volume sampled. Remaining air-dried soil was passed through a 2.0-mm sieve to separate stones and coarse organic matter, and subsamples from the three random point locations within a vegetation type were bulked and then fine ground (Retsch ball mill) before C and N concentration analysis on a TrueMac elemental analyzer (Leco Corp.).
Data Analysis and Presentation
The relationship between green space age and vegetation attributes (understory vegetation volume, tree basal area, and tree stem density) and soil properties (bulk density, percentage C, C density, and C/N) are presented in figures using untransformed data at the plot level (n = 52). Furthermore, for each soil property, the difference between tree canopy and short turf grass areas were estimated through subtraction and presented in figures using untransformed data at the plot level (n = 52). Linear regressions were performed on lognormal transformed soil and vegetation parameters as a function of green space age.
A linear mixed model (LMM) was used to determine significant differences in soil properties (bulk density, percentage C, percentage N, and C/N) among the three vegetation types (tree canopy, tall grass, and short turf grass) A Chi-squared test with Bonferroni correction was used as post-hoc test. Similarly, the relationships between soil properties in the tree canopy areas and vegetation attributes (understory vegetation volume, tree basal area, and tree stem density) and green space age were investigated using a series of LMMs, with golf course as a random effect. Soil and vegetation parameters were lognormal transformed before modeling. Models were ranked using the Akaike information coefficient.
The level of significance was set to p ≤ 0.05 for all the statistical analyses, which were performed using R (R Development Core Team, 2012) and Genstat software (Vers. 14.0; VSN International, 2011).
Soil C stored in the upper 0.3 m was summed for each vegetation type on a milligram-per-hectare basis and according to the GIS digitized extent of the three vegetation types in each urban green space scaled up to the soil C stored at the whole of green space.
Results
Vegetation Attributes in Tree Canopy Areas
Tree basal area showed a marginally significant (p = 0.07) increase in the initial decades after golf course establishment (Fig.  2B) , increasing from <1.0 to >2.0 m 2 ha −1 tree canopy area after approximately 100 yr. There was, however, large variation among the golf courses and among plots within golf courses. There was no significant relationship between either tree stem density or understory vegetation volume and green space age ( Fig. 2A,C) .
Soil Properties
Soil bulk densities were significantly smaller, and soil C concentrations significantly greater (p ≤ 0.05) in the upper 0.2 m of soil in the tree canopy areas than the tall grass and short turf grass areas (Table 1) . Similarly, soil N concentrations were significantly (p ≤ 0.05) greater in the tree canopy areas but only in the upper 0.1 m. Soil C/N ratios were significantly (p ≤ 0.05) different among all three vegetation types: tree canopy > tall grass > short turf grass (Table 1) .
Soil bulk density in tree canopy areas did decrease with increasing green space age, but this was not significant (Fig. 3A) . Soil bulk densities were approximately 0.25 g cm −3 less in the tree canopy areas than short turf grass, and there was no age effect to this difference (Fig. 3E ). There was a significant increase in soil C concentration, C density, and C/N ratio in tree canopy areas (0-0.1 m) with increasing green space age (Fig. 3B-D) , markedly so for soil C/N (p ≤ 0.01). The difference in soil C/N between tree canopy and short turf grass areas increased significantly (p ≤ 0.05) over time (Fig. 3H) . The difference in soil percentage C concentrations also increased over time between tree canopy and short turf grass areas (Fig. 3F ), but this age effect was not significant.
In tree canopy areas, the LMMs that best predicted variation in soil properties were based on either understory vegetation volume or tree basal area (Table 2) . No models based on, or including, green space age showed strong predictive capacity.
Soil Carbon Stocks
At the per-hectare level, there was greater C stored in soil under tree canopy than under fairway turf grass in all but three of the golf courses (Table 3) , and two of those were <10 yr old. Once soil C densities were scaled up to the individual golf course based on the total extent occupied by each vegetation type, it was apparent that at a whole-of-green-space level, tree canopy areas stored more soil C than turf grass fairways in the majority of golf courses. The five exceptions were the three youngest golf courses, where tree canopy cover at a whole-of-green-space level was low (<10 ha and <15% of green area) and two older golf courses where tree canopy was <26% of the total green space area (Table 3) .
Discussion
Variation in Soil Properties among Urban Green Space Types
Soil properties were significantly different between the tree canopy areas and the tall grass or short turf grass areas. Soil bulk density was significantly smaller, and soil percentage C and C/N ratio were significantly greater under tree canopy than tall grass or short turf grass areas in the upper 0.2 m. This high level of spatial heterogeneity in soil properties is typical of urban landscapes and has been observed in other urban soil studies Pouyat et al., 2006) .
Soil Bulk Density
Within a given soil type, the differences in soil bulk density among urban green spaces will be due to a combination of (i) soil biological activity, (ii) root density, and (iii) compaction from pedestrian and vehicle traffic. Many urban soil studies do not report soil bulk density as is often inferred from organic Table 1 . Soil dry bulk density, C and N concentrations, and C/N ratio at three depth intervals in urban green space supporting tree canopy, tall grass rough, and short turf grass fairway. Significant differences for a soil property among the three vegetation types is shown at p ≤ 0.05 using a, b, and c. matter content or pedotransfer functions based on texture (Post and Kwon, 2000; Pouyat et al., 2006) . However, throughout the urban green spaces of Leicester, UK, Edmondson et al. (2014) measured no significant difference in soil bulk density between tree canopy areas and park grassland areas. More in line with our study, Golubiewski (2006) noted a significant decrease in soil bulk density at older green spaces compared with younger and suggested that this indicated that appropriate management, such as parkland naturalization (Millward et al., 2011) and time, can ameliorate compaction from construction or the previous land use. Soil bulk density in urban green spaces can increase over time because of vehicle and pedestrian traffic or can decrease over time once drivers of compaction are removed (Millward et al., 2011) . The vegetation present in an urban green space has a central role in ameliorating the effects of compaction, as woody vegetation can act as a physical barrier preventing further compaction and act as a key biological driver ameliorating previous compaction, thorough root growth, and turnover. Future studies of soil bulk density in urban green spaces should strive to account for variation arising from (i) changing soil type, (ii) compaction from vehicle and pedestrian traffic, and (iii) understory vegetation and surface litter. Failing to account for these factors could result in significant differences in soil bulk density being masked by the high coefficients of variation.
Soil Carbon and Nitrogen Concentration
Both soil C and N concentration were greater under tree canopy than tall or short grass. Greater soil C concentration under tree canopy is likely due to greater organic matter input from a lack of disturbance, or less disturbance, which will allow leaf and bark litter to accumulate and decompose. The increase in soil N concentration is more surprising as it has been proposed that tree growth or afforestation will likely lead to a decrease in soil N, as N is preferentially taken up and stored within the woody vegetation biomass rather than the soil as the trees develop (Berthrong et al., 2009 ).
Soil Carbon/Nitrogen Ratio
Soil C/N ratios are important because of their role in soil N dynamics, microbial N immobilization, and capacity to buffer eutrophication. Through our first research question, this study set out to determine whether soils under tree canopies have greater C/N ratios than soils under grass. It is clear that the overall C/N ratio in top soil (0-0.1 m) under tree canopy was greater than that under either of the two grass systems, as average soil C/N was 14.7 under short turf grass and 18.9 under tree canopy, a difference of 28%. This contrasts with Edmondson et al. (2014) who reported no difference in soil C/N ratio between tree canopy areas and turf grass systems in the urban landscape of Leicester, UK. However, in a global meta-analysis of afforestation impacts on soil, (Berthrong et al., 2009 ) noted that C/N increased by between 6 and 12%, which is more in line with our observations. An increase in soil C/N ratio can be due to an increase in plant N uptake and subsequent long-term storage in vegetation biomass or an increase in the C/N ratio of the litter returned to the soil by woody vegetation (Brady and Weil, 2008) . Near our study sites, in five local nature reserves with remnant vegetation, the soil C/N ratio is 20.2 ± 1.5 (data not presented), so it is quite possible that soil C/N in tree canopy areas of these green spaces will continue to increase. All but one of the green spaces in this study were established on land that was previously agricultural or horticultural, so they were likely to have similar soil conditions before urbanization. The differences in soil C/N ratio between the tree and grass systems are most likely related to an increase in the C/N ratio over time because of long-term litter supply rather than increased plant N uptake (Brady and Weil, 2008) .
The divergence in soil C/N between tree canopy areas and short turf grass areas could be influenced by N inputs through intensive fertilizer management of the fairways (Carey et al., 2012; Milesi et al., 2005) and subsequent cycling of organic matter with a lower C/N. Either way, the greater soil C/N under tree canopy provides a greater capacity to absorb sporadic, or cumulative, N eutrophication, as soil C/N is one of the major controls of soil N availability and leaching (Brady and Weil, mixed models predicting tree canopy soil (0-0.1 m) bulk density (g cm   −3 ), C density (kg m −2 ), N density (kg m −2 ), and C/N ratio. Fixed effect variables were individuals and pairs of years since establishment (Age), tree basal area (BA), tree stem density (TrD), and understory vegetation volume (Vol). Model suitability is indicated by the Akaike information coefficient (AIC), the best being indicated with bold values and second and third indicated with italicized values. Akaike weighting (AIC wt) represents the probability of each model being the best performing one (1.00 high; 0.00 low). Table 3 . Soil C density (0-0.3 m) under the three vegetation types and scaled up to the whole-of-green-space according to area (ha) covered.
Fixed effects
Age Tree canopy
Tall grass rough
Short grass fairway Tree canopy
Tall grass rough
Short grass fairway Tree canopy
Tall grass rough
Short grass fairway
Green space 2008; Dungait et al., 2012; Groffman et al., 2009) . Microbes are better able to immobilize N in their biomass as soil C/N increases, and, as a consequence, N mineralization rates decrease leading to lower plant available N and greater capacity to buffer N eutrophication with the combined uptake capacity of the microbial biomass and tree root systems (Berthrong et al., 2009; Brady and Weil, 2008; Groffman et al., 2009) . Urban green spaces with tree canopy and an increased understory vegetation volume have been also demonstrated to have higher water infiltration rates than less complex vegetation , which, coupled with the increased soil C/N ratios, might determine a higher capacity to absorb N loads from runoff and atmospheric deposition.
Soil Organic Carbon Density
The total amount of C stored within a soil generally correlates positively with mean annual precipitation and soil clay content and negatively with mean annual temperature. Whereas, the vertical distribution of soil C is often influenced by the characteristics of the long-term vegetation system ( Jobbágy and Jackson, 2000) . The influence of vegetation is mediated by differences in shoot/root biomass allocation, productivity, phenology, and rooting pattern. The soil C density profiles (0-0.3 m) presented in our study showed some differences according to vegetation type, ranging from 5.0 to 14.8 kg C m −2 under tall grass rough and from 6.8 to 17.2 kg C m −2 under tree canopy. However, despite the slight increase in soil C density with increasing green space age, the large variation among sites meant that differences among vegetation types were not significant (p ≤ 0.05). Such variation is common in studies of urban soils (Golubiewski, 2006; Bae and Ryu, 2015; Edmondson, 2012) . For example, Bae and Ryu (2015) measured considerable variation in soil C among different urban green space types in a single park in Seoul, South Korea, from 1.58 kg C m −2 under bare soil, 3.74 kg C m −2 under short turf grass up to 10.19 kg C m −2 under mixed tree canopy. In a synthesis study, Pouyat et al. (2006) assumed that green spaces in all cities and towns throughout the United States stored either 14.4 kg C m −2 (n = 3) in residential short turf grass soil or 7.1 kg m −2 in nonresidential green space soil (n = 2). Comparing soil C density values between cities, and even among different soil types within a city, may not be very informative, as the comparison will be greatly influenced by inherent differences in pedology, soil texture and climate, and previous vegetation system before urbanization . However, it is clear that the soils in these urban green spaces of a relatively young city (Melbourne) represent large C stores comparable to those reported for other major cities of the world. Regardless, the large variation in soil properties among urban green spaces can be partly ascribed to differences in managed vegetation systems. This suggests that it would be wise to adequately stratify for key drivers of soil C variation when sampling to estimate urban C stocks because, even in urban landscapes, soil represents the dominant C store.
Relationships between Soil Properties, Vegetation Attributes, and Green Space Age
We found that soil properties under tree canopy were better predicted by vegetation attributes than green space age. Both tree basal area and understory vegetation volume best predicted soil property variation, and this is ecologically meaningful, as these two parameters reflect green space structure management practices. Figure 3H suggests that over several decades there is a large divergence in soil C/N ratio between tree canopy and short turf grass green space. All vegetation types sites we sampled are altered from what occurred there under the previous land use; if one site accumulated C but lost N from having trees planted on former pasture while the other lost C and had N added, then it is quite possible to achieve the large differences we observed (Berthrong et al., 2009) . In systems that are greatly changed through anthropogenic intervention, such as urban green spaces, time has been shown to affect most soil properties. Golubiewski (2006) studied soil C change in urban green space along a decadal chronosequence after urbanization and found that soil C density recovered and surpassed that of the surrounding native grasslands in the second decade after establishment. For lawns established on previously forested soils in Virginia, USA, there was a positive relationship between the time since development and surface (0-0.1 m) soil C concentration but a negative relationship at 0.2 to 0.3 m (p = 0.03), perhaps as soil C in the previous ecosystem was mineralized (Campbell et al., 2014) . Bae and Ryu (2015) observed a large 2.5-fold increase in soil C over 10 yr in a new and intensively managed urban park in Seoul. Soils under new residential turf grass in North America were estimated to have the potential to accumulate C at 0.082 kg m 2 yr −1 (Raciti et al., 2011) . The changes in soil C and N properties following land-use change are influenced by soil pedology and texture (percentage clay) but are generally superseded by the greater influence of anthropogenic management activities (Neill et al., 1997) , and this has unsurprisingly been demonstrated in urbanized landscapes (Golubiewski, 2006) .
Our study recommends that managing and maintaining areas of tree canopy within an urban green space, especially when combined with dense understory vegetation, can provide a means to purposefully increase soil C density and soil C/N ratios. This makes sense when leaf-litter fall, accumulation, decomposition, and cycling are considered, as these processes will be more complete in areas where mowing and leaf removal (sweeping or blowing) are prevented. However, there are multiple benefits from promoting and maintaining a dense understory beneath tree canopies: it acts as vegetation barrier (i) preventing soil compaction from pedestrian and vehicle traffic; (ii) preventing surface soil litter removal thereby promoting surface organic matter accumulation, decomposition, and input to the soil; and iii) increasing fine root density and turnover. Root turnover is one of the most important mechanisms by which organic matter enters the soil system and can greatly determine soil C stocks and profile distribution ( Jobbágy and Jackson, 2000) .
Urban Green Space Soil Carbon Density, Tree Planting, and Landscape Management
Turf grass systems dominate urban green space; in the United States, they cover the largest land area of any irrigated crop (Milesi et al., 2005) and can represent the largest proportion of the urban C stock . Similarly, in our study, grass areas (tall and short combined) dominated green space C stocks, representing on average 65.7%. However, somewhat surprisingly, the soil under tall grass rough areas was a greater C store overall than soil under short turf grass, and this was probably because the large areas of tall grass rough in some of the younger green spaces as the tree canopy areas were still establishing. Our third research question asked whether soil under grass stores more C than soil under trees. This study determined that the answer to this depends on whether this is on an equal-area basis or a whole-of-green-space basis. On an equal-area basis, tree canopy areas store more soil C than grass green space. However, as these green spaces are (as are most urban green spaces are) spatially dominated by short turf grass, this vegetation type is proportionally a greater contributor to the overall soil C stock of these urban green spaces. It must be recognized that in our C stock estimates we have not included belowground tree root biomass, which is often assumed to be 25% of that aboveground for Eucalyptus spp. trees (Snowdon et al., 2000) . Nor have we accounted for C stored in the soil profile below 0.3 m, as the soil C stock could be doubled by including the subsoil from 0.3-to 1.0-m depth ( Jobbágy and Jackson, 2000) . Both of these aspects would increase the soil C stock estimates. Vegetation systems that allocate biomass to root growth deep in the soil profile (>0.5 m) will often have greater soil C concentrations at these depths than vegetation systems that are more superficial in their root biomass allocation ( Jobbágy and Jackson, 2000) . As such, establishing tree canopy on land that was previously occupied by shallow rooting annuals and grasses may have led to an increase in soil C below the depth investigated in this study (up to 0.3 m). Therefore, the estimates of soil C increase under tree canopy presented in this study are likely to be conservative.
Our study demonstrates that higher soil C concentrations can be found in areas under tree canopy than under grass within large urban green spaces, such as the golf courses investigated here. Moreover, these tree canopy areas significantly increase their C/N ratio over time, which is likely to enhance the capacity of these urban green spaces to buffer N eutrophication. From an urban C stock perspective, it is clear that tree canopy areas store greater soil C per unit of area than tall grass area or short turf grass system. This suggests that the conclusions of several published studies of C stored in soil and vegetation in residential and nonresidential urban green space may be too simplistic. For example, studies in Leicester, UK, found that soil C was greatest under trees in residential green space as opposed to under trees in public parks, and it was suggested that this reflected the use of compost, mulches, and organic fertilizers by private residentialspace managers (Davies et al., 2011; Edmondson et al., 2014) . While there may be some support for this, the managed act of simply promoting greater root development, litter accumulation, and decomposition in tree canopy areas should not be underestimated. Furthermore, it would be wrong to assume that planting trees in nonresidential green space, such as public parks and golf courses, will not provide significant soil C benefits, as well as other ecosystem service benefits, to the urban landscape.
The capacity of any urban green space to accumulate C or N, or to alter the soil C/N ratio, will be determined by (i) the length of time they are managed as a green space after urbanization, and (ii) the structural composition of vegetation habitat, such as the presence of trees, an understory, and surface litter.
Conclusions
Urban green space soil under tree canopies had significantly lower bulk density but significantly greater soil C and N concentrations and C/N ratios than soil under tall grass rough or short grass turf. Soil C/N ratios in tree canopy areas were related to green space age, whereas surface soil C and bulk density related better to understory vegetation volume and tree stem density. Overall, tree canopy areas contribute the most soil C to urban soils on a per-unit-area basis because of their greater soil C density (0-0.3 m depth). However, at the whole-of-green-space scale, the contribution of short turf grass areas dominates the soil C store because of the larger proportional area they occupy. The greater soil C/N ratios of tree canopy areas mean they are better able to buffer soil and water N pollution from poor fertilizer management or cumulative atmospheric N deposition. They are therefore providing an important ecosystem service more effectively than other green space types. The planting and placement of trees within urban green spaces should consider management options that also allow understory vegetation and litter to accumulate where possible.
